Supersymmetric (SUSY) models and dynamical breaking of symmetries have been used to explain hierarchies of mass scales. We find that a chiral representation, 10 ⊕ 5 ⊕ 2 · 5 in SUSY SU(5) in the hidden sector, breaks global SUSY dynamically, by producing a composite field φ below the SU(5) confinement scale. This dynamincal SUSY breaking can have two important applications, one in particle physics and the other in cosmology. Gavitational effects transmit this dynamical breaking to the standard model(SM) superpartners and the quintessential vacuum energy. The SM superpartners feel the effects just by the magnitude of the gravitino mass while the smallness of the quintessential vacuum energy is due to the composite nature of a singlet field φ. The composite φ carries a global charge which is hardly broken in SUSY and hence its phase can be used toward a quintessential axion for dark energy of the Universe.
I. INTRODUCTION
Mass scales are the most important physical parameters in all physics disciplines. In any theory, the definition of mass scale is given by the Planck mass M P . The next important mass scale determines a physics discipline. It is a mystery how this next scale has arisen from the fundamental Planck mass. In the standard model (SM) of particle physics, the next scale is the electroweak scale v ew = 246 GeV. In the standard Big Bang cosmology, the next scale is the current value of the Hubble parameter H 0 . In the current dark energy (DE) dominated Universe, DE can be considered as the next scale, which we follow here. In nuclear physics, atomic physics, and condensed matter physics, the next scales are 7 MeV, 1 eV, 10 −3 eV, respectively, which can be derived in principle from the electroweak scale. Cosmological dark matter has its root in particle species [1] and DE looks for solutions in the framework of general relativity [2] . Therefore, understanding mass parameters in two standard models, in particle physics and in cosmology, is the key in understanding all physical mass parameters.
Gauge forces in the SM can be unified into a grand unified theory (GUT) at the scale 10 15−17 GeV [3] . Understanding the ratio of the electroweak scale and the GUT scale is known as the gauge hierarchy problem [4] . If this hierarchy of masses is not fine-tuned, the best ideas so far suggested are behind two pillars: dynamical symmetry breaking(DSB) [5] and breaking of N = 1 supersymmetry(SUSY) [6] . In particular, the DSB idea is most natural in the sense that an exponentially small mass parameter can be obtained by the evolution of gauge couplings of the confining force. If the confinement is working for generating small mass scales, then it can generate even very small mass parameter such as the DE scale of 10 −3 eV because a composite particle with a large enegineering dimension may be the source of this DE scale.
The N = 1 SUSY idea accompanies superpartners of the SM particles around the TeV scale. Once the small electroweak scale is introduced as a parameter at the GUT scale then it can be used down at the electroweak scale via the non-renormalization theorem but it lacks in explaining the exponentially small scale itself. Currently, TeV scale SUSY particle effects have not shown up at the Large Hadron Collider, and we need to raise the superparticle masses above a few TeV [7, 8] . By raising the superpartner masses above the TeV scale, there must be a kind of small fine-tuning of parameters, the so-called the little hierarchy problem (a problem on the SUSY particle masses and the electroweak scale), which can be understood now in various methods [9] .
Since SUSY must be broken, generating a SUSY breaking scale is the key in SUSY solutions of gauge hierarchy problem. In this regard, a DSB in SUSY models is promising toward understanding hierarchical mass scales. Phenomenologically, the SUSY idea must relate the electroweak scale to the SUSY breaking scale, which was popular in the early 1980's under the name of gravity mediation [10, 11] . Supersymmetry breaking by gluino condensation needs the gluino condensation scale of order 10 13 GeV [12] to obtain TeV scale gravitino mass. Since it is required to raise the gravitino mass above several TeV [7, 8] , the gluino condensation idea may not work if the hidden sector and the visible sector gauge couplings are unified at the GUT scale. On the other hand, if an F-term of chiral field is the source for SUSY breaking, then the intermediate mass scale about 5 × 10 10 GeV is needed for gravitino mass of order the TeV scale [13] . In addition, this intermediate scale has been useful for the "invisible" axion and the µ-term in supergravity [14, 15] .
We find that a chiral representation, 10 ⊕ 5 ⊕ 2 · 5 in SUSY SU (5) in the hidden sector, breaks global SUSY dynamically, by producing a composite field φ below the SU(5) confinement scale Λ. The composite field φ respects a global symmetry U(1), which is shown by matching anomalies above and below the confinement scale. The F-term scale of φ can be larger than 5 × 10 10 GeV, raising the masses of SM superpartners much above TeV. Since φ is composite, breaking the resulting global U(1) of φ can be very tiny, which can be the source of DE scale in the Universe [1] .
II. DYNAMICAL BREAKING IN A SUSY GUT
Early ideas on supersymmetric QCD(SQCD) in SU(N c ) gauge group [16] [17] [18] are DSB models, which are summarized in [16, 20] . Our model here does not belong to this kind of SQCD but to a kind of a chiral-family model in SUSY grand unification (SGUT). The first study on DSB in SGUT was presented in [19] , where one chiral family in the SU(5) SGUT was suggested to induce SUSY breaking based on the flat direction argument. In the one-family SGUT SU(5), however, a superpotential cannot be written and only an argument toward SUSY breaking has been presented.
In this paper, we find a chiral representation, 10 ⊕ 5 ⊕ 2 · 5, in SU(5) SGUT with superpotentials given above and below the confinement scale and attribute the source of SUSY breaking in supersymmetric SMs (SSMs) to the confinement scale Λ of this hidden sector SU (5) . For a non-Abelian gauge symmetry SU(5) and a non-Abelian global symmetry SU(2), the representations are written as, (SU(5) gauge , SU(2) global ), and we introducē Ψ = (10, 1),ψ 1 = (5, 1), ψ 2 = (5, 2), D 1 ∼ (1, 2).
(1)
We are guided to study Eq. (1) from our earlier work [21] . These fields, being complex, can have phases. So, the full global symmetry we consider is SU(2)×U(1)Ψ×U(1)ψ 1 ×U(1) ψ2 ×U(1) D1 . Note that our global symmetry is complete. There are three SU(2) invariant terms in the superpotential, 1
which act as three constraints on the U(1) phases, 2
Therefore, there remains only one U(1) global symmetry, say U (1)Ψ, and the other phases can be written as,
Global symmetries survive below the confinement scale, where only SU(5) singlets will be considered. If the conefinement preserves SUSY and the confining SU(5) gauge is not broken, we can consider the following SU(5) gauge −singlet chial fields,
In the confinement process, the anomaly matching of global symmetries was suggested [22] . Since we have the global symmetry SU(2)×U(1), it is a question how an anomalous U(1) survives the confinement process. Not to worry about the perturbative effects of fermion representations, let us gauge the SU(2) part. For the global U(1), consider the chiral transformations on fermions by an angle θ of U(1). If there is anomalies above the confinement scale, then due to the non-perturbative effects through instantons there is an effective θ term for the non-Abelian SU (2) . Use this chiral transformation of U(1) such that quark phases become 0. But the anomalous θ term, generated non-perturbatively, survives the confinement process as discussed in axion physics. We will consider a global symmetry in the end, which will corresponds to an infinite (global) size of instanton and hence must be satisfied if a global SU(2) replaces the gauge SU(2). In general, this argument leads to, "if we consider a global non-Abelian group G then the anomalies of the forms G-G-G and U(1)-G-G should match above and below the confinement scale [22] ." For G=SU (2) , there is no anomaly of the type G-G-G. So, in our case of G=SU(2), we consider matching the anomalies of U(1) global −SU(2) global −SU(2) global above and below the confinement scale. But we need not consider U(1) 3 global anomaly since we cannot consider such a term from the above non-perturbative argument.
To discuss the SU(5) confinement, first let us consider U(1) global -SU(5) 2 gauge anomaly. As we commented above, there remains only one global U(1) for which we take U (1)Ψ. If we considered only matter fields, it is an anomaly free U(1) AF ,
But, we must consider the R-symmetry U(1) R also. These two U(1)'s are listed in Table I . The U(1) R is anomalous. The important point of R symmetry is not in the calculation of anomaly but in the calculation of superpotential in the SUSY case. The anomaly is a short distance effect, leading to (U(1)-charge)FF vertex. As in the case of axion coupling to photon, we do not calculate (axion)-FF even for the value at zero temperature, not by the composites such as proton and neutron but by the quarks. For composites φ, Φ i and S, U(1) AF and U(1) R are also listed in Table I . U(1) AF , being SU(5) gauge −anomaly free, there is no constraint for the sum of U(1) AF of composites to satisfy because there is no gauge symmetry we can consider below the confinement scale.
For the anomalies, we do not check U(1) 3 but U(1) global ×SU(2) global ×SU(2) global above and below the confinement scale. We must consider U(1) global ×SU(2) gauge ×SU(2) gauge first because 'anomaly' is the anomaly in the renormalization of the gauge couplings. Then, apply the result to the infinite spacetime to draw a conclusion on the global case.
Since U(1) R is anomalous, we consider it, checking only with the most fundamental particles. Above the confinement scale, we consider doublets of global SU(2) only in (5, 2) from which we obtain U(1) R −SU(2) global −SU(2) global anomaly of (− 1 2 )×5 = − 5 2 units. As commented above, below the confinement scale also, we must consider the most fundamenta (5, 2) and obtain again − 5 2 . Even if we keep two vertices attached by U(1) gauge bosons, the (global U(1))-(gauge U(1))-(gauge U(1)) triangle will give the anomaly of (global U(1) current)-F µνF µν times group-theory factor d Γab = Γδ ab as depicted in Fig. 1 . The spacetime part is a total derivative,
and hence we can neglect the [global U(1)]-[gauge U(1)] 2 anomaly, depicted in Fig. 1 . In fact, from the U(1) charges of as a new U (1) R . For the SU(2) discrete anomaly, the gauge boson attachement is not necessary and we have six(=even number) copies (together with D 1 ) of doublets above the confinement scale and two(=even number) copies (together with D 1 ) of doublets below the confinement scale. So, the Witten anomaly [24] is also matched.
Therefore, we can consider the following superpotential below the confinement scale, consistently with our global symmetries,
where Λ is the definition for the gaugino condensation scale leading to the Veneziano-Yankielowicz composite S [25] .
[Note that ours as an effective one still respects the R symmetry in contrast to the phenomenological Polonyi potential W = m 2 z + constant [26] .] In the superpotential, we considered only M 2 φ ≡ M 2 1 φ 1 + M 2 2 φ 2 since the other linear combination does not appear at all. The parameter M 2 can be calculated from original superpotential
leading to M 2 λ 0 Λ 2 . So, the SUSY conditions for the composites are ∂W ∂φ = 0 : M 2 = 0,
where the first equation cannot be satisfied. The SUSY conditions determine Φ i = 0 and D i = 0. One can add one more pair of doublets D 2 and D 3 to break the global symmetry SU(2)×U(1) to a global U (1) . At this stage, it is difficult to break the remaining U(1) by another term in the superpotential. Let the remaining global symmetry be manifested by the phase of φ. The VEV S is determined from the SUSY condition at (Λ 3 /µ 2 0 )e −(1+a −1 ) . Equations in (8) show that the SUSY breaking is not by S but through the M 2 term due to the O'Raifeartaigh mechanism [27] .
One of the popular scenarios for SUSY breaking is the gaugino condensation triggering the F -term(s) of singlet chiral field(s) z. The gauge kinetic function f (z) in d 2 ϑ f (z)W α W α can take a form f (z) = 1 + (z/M ) in this case [12] and z must carry R charge 0. From matter fields of E 8 × E 8 , we encountered that there does not appear a singlet field through compactificatioin with all U(1) charges being zero [21, 28] . Therefore, a candidate can be only from the antisymmetric tensor field B M N , which was suggested in [29, 30] . It is commented that the only possible bilinear of Majorana-Weyl gluinos in 10 dimensions is TrχΓ M N P χ (M, N, P = 1, · · · , 10) and hence the coupling can be B M N P TrχΓ M N P χ [30] . One needs a large value, 10 13 GeV, for gluino condensation becasuse of gluino of dimension 3 2 . With our φ of dimension 1, the same amount of SM SUSY breaking is obtained by our M at 5 × 10 10 GeV. Therefore, if SUSY breaking between 10 13 GeV and 5 × 10 10 GeV is needed then our mechanism is useful in raising the superpartner masses above TeV.
Since V is bounded by the SUGRA correction, φ get a VEV of order M P . So the SUGRA corrections are not negligible. So the Polonyi problem (=moduli problem) is there as is well known.
III. EFFECTS OF SUPERGRAVITY
The SM particles acquire the SUSY breaking effects from the hidden sector by supergravity effects, proportional to the gravitino mass [31] . The scalar partners of quarks and leptons, and the fermionic partner of gauge bosons acquire masses at the order the gravitino mass m 2 [13] , and for the minimal Kahler potential K = |φ| 2 + · · ·
In this case, the vacuum energy V is [31] ,
where we considered only vacuum values of M 2 and S terms in W and α = 0 or π. Here, we note that the U(1) R charges of φ (both φ 1 and φ 2 ) and S are identically 2, viz. Table I , implying that both VEVs φ and S break U(1) R down to Z 2 . Therefore, the phases of φ and S , δ and α, have the same periodicity: δ − α =constant. Therefore, the last two term in Eq. (10) does not have a δ dependence. δ is a flat direction. The dynamically generated superpotential of gluino condensation corresponds to the N f = 0 case in SQCD, i.e. the Affleck-Dine-Seiberg superpotential W = N c Λ 3 [18] where Λ 3 carries two units of R charge. Let us determine φ ≡ ve iδ such that V = 0 for two vacua of gluino condensates. To illustrate solutions, let us keep the leading terms in the (1/M 2 P ) expansion to obtain the minimization condition
Equation (11) must be satisfied together with V = 0 which are achieved by fine-tuning of parameters. Namely, setting the cosmological constant at the minimum as zero is by fine-tuning. In Fig. 2 , one such minimum is chosen as a square. With this fine-tuning, we set the vacuum energy of these two vacua at zero, which are the black and green bullets in the inset of Fig. 2 . Between the black and green bullets, the vacuum energy is positive. In Fig. 2 , we sketch a rough idea of the vacuum energy dependence on the composite φ. The curvature at the v direction is known as the Polonyi problem [32] . In our case the maximum point in the center is about Λ 4 and f quintessence is about M P , and a rough estimate of the mass of real φ is (10 12 GeV) 2 /M P ≈ 10 4 GeV. So, the Polonyi problem can be evaded for a little bit larger value of Λ compared to µ 0 .
IV. QUINTESSENTIAL AXION AS DARK ENERGY
In addition, we need a mechanism to break the global U(1) explicitly because gravity does not allow an exact global symmetry [33] . If the magnitude of breaking is tiny,∼ (10 −3 eV) 4 , and the radius of the circle in the inset of Fig. 2 is large, M P , it is the quintessential axion [34, 35] . In Fig. 2 , we depict the anticipated vacuum energy as a function of φ. The Z 2 vacua from the gaugino condensation are denoted as the black and green bullets, which are determined 10) for α = 0 and π are shown as the black and green curves, by bringing the parity reflected curve (α = π) near the other curve (α = 0). In the inset, the square is amplified with the black and the green bullets corresponding to α = 0 and π, respectively. The red star corresponds to the current quintessential point φ = |φ|e iδ [35] .
by fine-tuning as commented below Eq. (11). In the inset, the quintessential field is along the red circle with radius f quintessence and the star descibes the current magnitude of dark energy.
With the field content present in Table I , it is possible to realize a quitessential axion. The complex φ accompanies a global U(1) symmetry, as commented below Eq. (8) . The height at the star is small because of the composite nature of our φ and the difficulty of breaking SU(2) global symmetry. In other words, it is commented below Eq. (10) that the phase is a flat direction at this level of requiring U(1) R charge 2 for the superpotential. The composite fields φ 1 , φ 2 and Φ i of Eq. (4) and D i are the fields we consider at low energy. In terms of these, we cannot consider a superpotential term. But a D-term can be considered from φ * Φ i D j ij which can be given in terms of SU(5) fields as 3 1
whereM is some Planck scale mass parameter. From Eq. (2), the F-term of (D i ) * isψ α 1 ψ 2 α k , and integrating out d 2θ gives
But Eq. (13) is of the form of Eq. (7) , and hence it cannot generate the height of a quintessental axion potential.
In terms of an effective superpotential, we cannot generate the potential for the quintessental axion. Since our global symmetry has originated from the anomaly, one can consider the QCD anomaly first. But it is too big for the cosmological constant. Anyway, it must be reserved for the invisible axion [14, 36] . The next obvious contribution is the SU(2) W anomaly which is sufficiently small,
State(P + kV0) Θi RX (Sect.) QR Q1 Q2 Q3 Q4 Q5 Q6 Q18 Q20 Q22 But, it is a bit small for dark energy of a quinessential axion. Note that with approximate global symmetries allowed by discrete symmetries in string compactification, there can be a contribution as discussed in Ref. [37] . But, when we consider gravity, we should not have a global symmetry. String compactification must allow U(1) R breaking terms. Indeed, this interesting spectrum (1) in the hidden sector was obtained before from string compactification [21] , where the visible sector flipped SU(5) model with three families are realized [38, 39] . Recently, a successful Z 4R symmetries needed for proton longevity [40, 41] has been assigned successfully in this model [42] . To illustrate the example, in Table II we list the SGUT non-trivial spectra from Z 12−I orbifold compactification [21] , where many vector-like pairs of (5 ⊕ 5) of [21] are not listed. U(1) R charges as in Ref. [42] are listed in the 4th column. Removing the vector-like representation F 3 ⊕ F 4 just below the string scale by a superpotential term ∼ F 3 F 4 , we obtain the spectra presented in Eq. (1). The model contains many SM singlet fields σ I whose U(1) R charges can be found in Ref. [42] . Some singlets carry negative U(1) R charges and we can consider superpotential terms of the form
σ a1 · · · σ an (15) such that n I=1 Q(σ a I ) = −2.
The GUT scale VEVs σ a I break the U(1) R symmetry and indeed there is no global symmetry when we consider gravity. For the quintessential axions to be realized from string compactification, the model is constructed such that it is not possible to allow VEVs of scalars satisfying Eq. (16).
V. CONCLUSION
We showed that a chiral representation, 10 ⊕ 5 ⊕ 2 · 5 in supersymmetric SU(5), breaks global supersymmetry dynamically. This mechanism of supersymmetry breaking can generate smaller mass scales in physics if appropriate discrete symmetries are provided. We obtained this needed spectra from the hidden sector of heterotic string as shown in a Z 12−I orbifold compactification. There can be many useful applications of this dynamical breaking of supersymmetry. Firstly, the little hierarchy of factor r in particle physics, i.e. supersymmetry appearing above r TeV, is obtained if SU(5) confines at √ r · 5 · 10 10 GeV. Second, dark energy in the Universe can be attributed to the composite nature of φ arising from the SU(5) confinement at field theory framework but realization from string compactification needs a judicious symmetry breaking pattern.
